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Introduction                                                             
 
Neutrophils and macrophages engulf not only 
microorganisms but also damaged tissue and degrade 
these materials in the phagolysosome (1-5). In wound 
healing, early infiltration of neutrophils followed by 
macrophage infiltration are important defense 
mechanisms for repair of tissue damage. Infiltrating 
neutrophils clear the wounded area of foreign particles 
and bacteria and are then extruded with the eschar or 
phagocytosed by macrophages.  Subsequent to neutrophil 
invasion, monocytes infiltrate the wound site and become 
activated macrophages that release growth factors such 
as platelet-derived growth factor and vascular endothelial 
growth factor, which initiate the formation of granulation 
tissue [6,7]. Recently, it has been shown that damage 
associated molecular patterns (DAMPs) from injured 
tissues cause innate cell activation [8-10]. Wounding 
induces death of tissue cells, which occurs upon the loss 
of plasma membrane integrity, thereby allowing the 
escape of intracellular material from the cells including 
heat shock proteins (HSPs), high-mobility group box 
protein 1 (HMGB1), ATP and uric acid.  These 
intracellular materials, along with extracellular materials 
such as hyaluronan and heparin sulphate produced by 
proteolytic activity of dying cells, bind to pattern 
recognition receptors (PRRs) of resident macrophages 
and dendritic cells.  Reactive oxygen species (ROS) are 
also produced upon wounding and have been shown to 
activate the inflammasome [8].  Activated cells produce 
inflammatory cytokines and chemokines, especially IL-8, 
which induces the migration of neutrophils to wounds.  
Migrated neutrophils are also activated by DAMPs and 
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Abstract 
In wound healing, early infiltration of neutrophils followed by macrophage infiltration are important defense 
mechanisms for repair of tissue damage. Here we examined the effects of neutrophils on wound healing. 
Administration of sodium hypochlorite (NaClO) to mouse skin induces neutrophil recruitment to the wound site 
and repeated administration of NaClO was shown to prolong wound healing.  Examination of the spleens of mice 
whose wounds were repeatedly treated with NaClO, showed that GR-1+CD11b+ cells were up regulated in the 
recovery phase of wounding. Many of the GR-1+CD11b+ cells in the mouse bone marrow were neutrophils, as 
indicated by a ring-shaped nucleus, and some of the cells were immature myeloid-lineage cells.  GR-1+CD11b+ 
cells from bone marrow were sorted and injected intravenously to syngeneic Imprinting Control Region (ICR) 
mice.  The mice that received GR-1+CD11b+ cells recovered faster than the mice injected with the control, 
phosphate buffer saline (PBS). 
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produce inflammatory cytokines and several toxic 
enzymes, which have positive and negative effects on 
would healing. 
The function of macrophages in wound healing has 
been well studied. Classically activated macrophages 
(M1 macrophages) mediate defense of the host from a 
variety of bacteria, protozoa and viruses, and have roles 
in antitumor immunity.  Alternatively activated 
macrophages (M2 macrophages) have anti-inflammatory 
functions and regulate wound healing.  'Regulatory' 
macrophages can secrete large amounts of interleukin-10 
(IL-10) in response to Fc receptor-γ ligation [11, 12].  In 
contrast to pro-inflammatory and anti-microbial M1 
macrophage responses, M2 macrophages exhibit potent 
anti-inflammatory activity and have important roles in 
wound healing and fibrosis [13, 14].  However, there are 
contradictory reports about the functions of neutrophils 
in wound healing. Classically, depletion of neutrophils 
by antisera has no effects on wound healing, although the 
depletion of macrophages results in a failure of 
debridement [15, 16].  We reported previously that the 
depletion of neutrophils by anti-Gr-1 antibody 
dramatically delayed wound healing in aged mice, 
although the depletion of neutrophils in young mice had 
less effect on the kinetics of wound healing [17]. 
We have recently shown that Gr1+CD11b+ cells 
increased in the spleen of dextran sulphate sodium (DSS)-
treated mice during the recovery phase and splenectomy 
worsened the colitis [18].  DSS-derived splenic 
Gr1+CD11b+cells were administered intravenously to 
recipient (C57BL/6) mice during the early phase of DSS 
treatment.  The transplanted splenic DSS-induced 
Gr1+CD11b+cells improved DSS-induced colitis and 
promoted efficient colonic mucosal healing [19].  As 
many of the Gr1+CD11b+ cells are neutrophils, they may 
play a role in wound repair.   
During infection, the innate immune system functions 
to kill microorganisms that induce tissue damage.  Once 
immune cells clear the microorganisms, tissue 
regeneration occurs and damaged tissues are repaired.  
However, if the immune system fails to clear all the 
microorganisms such as hepatitis C virus, repeated 
stimulation by the virus will induce tissue destruction 
and finally organ failure.  We hypothesize that although 
immune cells repair single damage, continuous 
stimulation of the immune system may induce chronic 
inflammation and induce tissue degeneration.  Here we 
examined the function of neutrophils in wound healing 
by single or repeated stimulation of oxidative tissue 
damage by ROS-producing materials.  
 
Results 
 
A single application of NaClO induces migration of 
neutrophils to a wound site 
As it  has  been  shown  that  ROS induces  neutrophil  
migration to wound sites in zebrafish [20], we asked 
whether NaClO induces migration of neutrophils to 
wound sites in mice.  A single drop of NaClO was 
administered to a wound and migration of neutrophils to 
the wound site was examined.  The single drop of NaClO 
to the wound opening induced higher neutrophil 
migration as compared to a simple wound.  Neutrophils 
migrated to the wound within 0.5 hr and neutrophil 
number decreased 1h after wounding (Fig. 1).  
 
 
 
Figure 1.  Greater migration of neutrophils upon a single application 
of NaClO.The dorsal skins of 2 month-old female ICR mice (n=3) 
were wounded by puncturing through two layers of skin with a sterile 
disposable 3mm biopsy punch.  NaClO (available Cl 2.5%) was 
applied once to the wound site.  The wounds and their surrounding 
areas (including the scab and epithelial margins) were removed for 
FACS analysis using a sterile disposable biopsy punch with a 
diameter of 6 mm at the indicated time points.  Single cell suspensions 
were obtained by passing through stainless mesh and washed with 
PBS.  Biopsied tissues were squeezed by rubber in PBS, passed 
through stainless mesh, and washed with PBS.  The cell suspensions 
were stained with FITC-labeled-antiGR-1 and analyzed by FACS 
sorting.   
 
Repeated application of NaClO prolongs wound 
healing 
We thought that repeated exposure of ROS might 
affect wound healing. If wounds are repeatedly treated 
with NaClO, neutrophils must be continuously provided 
by an organ from which they originate.  Spleen and bone 
marrow in mice have hematopoietic stem cells, which 
provide new neutrophils. GR-1+CD11b+ cells are a 
mixed population, containing precursors of neutrophils in 
addition to mature neutrophils.  As shown in Fig. 2, 
application of NaClO for 5 days strongly damaged the 
skin tissue of mice and delayed wound healing.  Upon 
examination of the spleens of mice that were subject to 
repeated application of NaClO, GR-1+CD11b+ positive 
cells were shown to be up-regulated during the recovery 
phase of wounding (Fig. 3). 
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Figure 3.  Up-regulation of GR-1+CD11b+ cells in the spleen of NaClO-treated mice. The dorsal skins of 2 month-old (at sacrifice) female ICR 
mice were punctured through two layers of skin with a sterile disposable 3mm biopsy punch.  NaClO (available Cl 2.5%) was applied once a day 
to the wound site for 5 days.  The spleen of NaClO- administered mice was removed 11 days after the last day of NaClO application.  The cell 
suspensions were stained with FITC-labeled-antiGR-1 and PE-labeled anti-CD11b and analyzed by FACS sorting.   
 
 
 
 
 
 
Figure 2. Wound repair is delayed by the continuous application of 
NaClO. The dorsal skin of 14 week-old female ICR mice (n=5) were 
punctured through two layers of skin with a sterile disposable 3mm 
biopsy punch.  NaClO (available Cl 1%) was applied once a day to the 
wounded site for 5 days.Changes in the area were calculated as a 
percentage of the initial wound area. Changes in percentages of 
wound areas at each time point were compared to the initial wound 
area. Data shown are the mean ratio ± SE of four separate experiments  
 
 
 
 
Transfer of GR-1+CD11b+ positive cells induces early 
recovery from wounding 
Spleen  cells  from  wounded  mice  that  had  received 
11-day  treatments  with  NaClO  were  removed  and  
transplanted  intravenously  to  syngeneic  ICR  mice.  
The  transplanted  mice were subsequently  wounded  and  
recovery  from  the  wounds  was  monitored.  Mice that  
received  the  transplanted  spleen  cells  from  NaClO-
administered  mice  recovered  faster  than  mice  that  
received  the  control  spleen ( Figure 4).   GR-1+CD11b+ -
positive cells  from  the  bone  marrow  of  untreated  ICR  
mice  were  FACS  sorted,  cytospinned,  and  stained     
by  Gimsa.  Many  of  the GR-1+CD11b+ cells  were  
shown  to  be neutrophils, as  indicated  by  their  ring-
shaped  nucleus.   Some  of  the cells  were  immature  
myeloid-lineage  cells (Fig. 5A). The sorted GR-
1+CD11b+  cells  were  injected  into   syngeneic  ICR 
mice  intravenously.  Mice  that  received  the 
transplanted  GR-1+CD11b+  cells  recovered  faster  than  
the mice  that  received  the control  PBS.  (Fig.5B).  Then  
we  examined  the appearance  of  neutrophils  at  the  
wounded  sites. We  found   that GR-1+ neutrophils  
appeared   earlier  and  higher  in  the  wounded  tissues  
of  the  mice  that  received   the   spleen  cells  from  
NaClO - administered  mice, than  in  the  control  mice  
(Fig.6). 
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Figure 5.  Transfer of GR-1+CD11b+ cells in bone marrow cells induces early wound recovery. Bone marrow cells were collected from a mouse 
(ICR, female, 18weeks old, n=1).  The cell suspensions were stained with FITC-labeled-anti-GR-1 and PE-labeled anti-CD11b, and GR-
1+CD11b+ cells were FACS sorted.  A. Cytospin and Gimsa staining of sorted cells. B. Sorted cells (1.3x106 cells/mouse) were injected into ICR 
mice (female, 10 weeks old, n=3) just before wounding.  Shown are changes in the percentage of wound areas at each time point in comparison to 
the initial wound area.  Data shown are the mean ratio ± SE of four separate experiments.  
 
 
 
 
 
Figure 4. Transfer of the spleen of NaClO (available Cl 2.5%)-treated 
mice induces early wound recovery.The dorsal skin of an 8 week-old 
(at sacrifice) female ICR mouse (n=1) was punctured through two 
layers of skin with a sterile disposable 3mm biopsy punch.  NaClO 
was applied once a day to the wound site for 5 days.  The spleen of 
NaClO-administered mice was removed at 11 days after the last day of 
NaClO application.  The cell suspensions (1x107 cells /mouse) were 
transferred to ICR mice (8 weeks old, female, n=4) just before punch 
biopsy. Shown are changes in the percentage of wound areas at each 
time point in comparison to the initial wound area.  Data shown are 
the mean ratio ± SE of four separate experiments.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Early appearance and higher numbers of neutrophils in 
transferred mice. The dorsal skins of 2 month-old (at sacrifice) female 
ICR mouse were punctured through two layers of skin with a sterile 
disposable 3mm biopsy punch.  NaClO (available Cl 2.5%) was 
applied once a day to the wound site for 5 days.  The spleen of NaClO-
administered mice (ICR, female, 8weeks old, n=3) was removed 11 
days after the last day of NaClO application.  The cell suspensions 
(1x107 cells /mouse) were transferred to ICR mice (8 weeks old, 
female, n=4) just before punch biopsy.  Tissues were collected from 
the wound site by punch biopsy (diameter 6mm) at days 0, 1, and 2. 
Single cell suspensions were obtained by passing through stainless 
mesh and washed with PBS.  Biopsied tissues were mechanically 
disrupted with rubber in PBS, passed through stainless mesh, and 
washed with PBS.  The cell suspensions were stained with FITC-
labeled antiGR-1 and analyzed by FACS sorting.   
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Discussion 
We have shown here that application of NaClO to 
wounded tissue induces neutrophil migration to the 
wound site.  This migration was found to be transient 
after a single application of NaClO.  Thus, we applied 
NaClO for 5 days to wound sites to induce continuous 
neutrophil migration.  Neutrophils produce ROS, lytic 
enzymes and antimicrobial peptides, which facilitates the 
killing of microorganisms and clear damaged tissues [21, 
22].  These products of neutrophils also produce 
cytokines, which induce local inflammation, manifested 
by swelling and fever. Once the noxious stimuli are 
withdrawn, local inflammation is down- regulated and 
tissue recovery can occur.  However, repeated exposure 
to tissue-damaging stimuli may induce chronic 
neutrophil migration and thus, chronic inflammation.  
When we examined the spleens of mice that had received 
continuous application of NaClO, the population of GR-
1+CD11b+ cells was up-regulated.  The population of GR-
1+CD11b+ cells contains mainly neutrophils but also 
some myeloid-precursor cells as shown by cytospin (Fig. 
5A). We conclude that these populations are a mixture of 
myeloid-precursor cells and differentiated neutrophils.  
Repeated exposure of the wound to ROS may induce 
neutrophil-precursors, together with mature neutrophils, 
in the spleen in order to supply sufficient numbers of 
neutrophils to the damaged tissue.  These results are 
correlated with our previous work, which showed up-
regulation of the GR-1+CD11b+ population in the spleen 
of DSS-treated mice.  DSS also produces ROS in the 
intestine and induces neutrophil migration [18,19].  The 
transplantation of GR-1+CD11b+ cells in the early phase 
of wound healing induces early recovery of wound 
healing.  We detected higher amounts of neutrophils at 
wound sites upon transplantation of GR-1+CD11b+ cells.  
These results indicate that the transient increase of 
neutrophils at damaged sites facilitates wound healing 
and may function in the clearing of damaged wound 
tissues.  
Servettaz et al. developed the murine model of dermal 
sclerosis by repeated injection of ROS-inducing agents, 
including NaClO [23].  We have also reported that the 
ROS-producing agent Bleomycin induces systemic 
sclerosis [24], although Servettaz et al. and our group 
have not examined the contribution of neutrophils to 
disease progression. ROS-producing agents are known to 
induce local neutrophil recruitment and repeated 
administration of ROS may induce persistent neutrophil 
recruitment to the application site.  Although further 
molecular and cellular analyses of this process are 
needed, the results in this paper seem to indicate a role 
for neutrophils in host defense wound healing.  In the 
future, incurable wounds may be treated by injection of 
the patient's own neutrophils that have been 
differentiated from the patient’s own stem cells (iPSCs or 
myeloid-lineage stem cells) in vitro.  
 
Materials and Methods 
 
Mice 
8-18 week-old ICR mice were originally purchased 
from SLC Japan and maintained at the Animal Research 
Facility at Nagoya University Graduate School of 
Medicine under specific pathogen-free conditions and 
used according to institutional guidelines.  
Excision wound preparation and macroscopic 
examination 
Avertin (0.2ml per gram of body weight) was used as 
anesthesia during the wound generation and skin 
removal.  After shaving and extensive cleaning with 70% 
ethanol, the dorsal skin was picked up at the midline and 
holes were punched through two layers of skin with a 
sterile disposable biopsy punch (diameter 3 mm; Kai 
Industries, Tokyo, Japan).  At one side NaClO (available 
Cl 1-2.5%) was dropped and on the other side PBS was 
dropped as a control.  This procedure generated two 
excisional full-thickness wounds on each side of the 
midline.  The same procedure was repeated 3-5 times, 
generating 6-10 wounds on each animal.  Each wound 
site was digitally photographed at the indicated time 
intervals, and wound areas were delineated using Excel 
software.  Changes in wound areas were expressed as the 
proportion of the change in wound area relative to the 
initial wound area.  In some experiments, wounds and 
their surrounding areas (including the scab and epithelial 
margins) were removed for further analysis using a sterile 
disposable biopsy punch with a diameter of 6 mm (Kai 
Industries) at the indicated time points. 
FACS analysis and cell sorting 
Wound tissue and spleen were gently clashed by 
rubber.  Single cell suspensions were obtained by passing 
through stainless mesh and washed with PBS.  Cells were 
treated with FITC-labeled anti-mouse Gr-1 or PE-labeled 
anti-mouse CD11b (BD Pharmingen). Cells were sorted 
with a FACS Aria (BD Biosciences) and data analyzed 
with FlowJo software (Tree Star).  
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